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Abstract:

We demonstrate optically pumped dynamic nuclear polarization of ’Si nuclear spins that are strongly
coupled to paramagnetic color centers in 4H- and 6H-SiC. The 99 + 1% degree of polarization at room
temperature corresponds to an effective nuclear temperature of 5 UK. By combining ab initio theory with
the experimental identification of the color centers’ optically excited states, we quantitatively model how
the polarization derives from hyperfine-mediated level anticrossings. These results lay a foundation for
SiC-based quantum memories, nuclear gyroscopes, and hyperpolarized probes for magnetic resonance
imaging.

Main text:

Silicon carbide is a promising material for quantum electronics at the wafer scale. It is both an industrially
important substrate for high-performance electronic devices [1] and a host to several types of vacancy-
related paramagnetic color centers with remarkable attributes [2-23]. Much like the diamond nitrogen-
vacancy center [24, 25], these color centers have electronic spin states that can be addressed at both
ensemble and single-spin levels [18, 19] through optically detected magnetic resonance (ODMR).
Moreover, spin coherence times can exceed 1 millisecond [18], and ODMR can persist up to room
temperature [10, 11, 14, 19]. Although the fluctuating nuclear spin bath is a principal source of electronic
spin decoherence in these types of systems [26], nuclear spins in SiC are not purely detrimental. If

polarized and controlled, they would be a technologically valuable resource.

In this Letter, we show that near-infrared light can nearly completely polarize populations of ’Si nuclear

spins in SiC. In this dynamic nuclear polarization (DNP) [27, 28] process, the optically pumped



polarization of electron spins bound to either neutral divacancy [4, 5, 8, 10, 14] or PL6 [10, 14, 16] color
centers is transferred to proximate nuclei via the hyperfine interaction. Optically polarizing nuclei in SiC
is experimentally straightforward, requiring only non-resonant illumination and a small external magnetic
field (300-500 G), with which we tune color-center ensembles to their ground-state (GS) or excited-state
(ES) level anticrossings (the GSLAC and ESLAC, respectively). Optically pumping crystals has
previously led to room-temperature DNP in napthalene [29], diamond [30-35], and GaNAs [36]. Our
results show that room-temperature DNP can now be efficiently driven in a material that plays a leading

role in the semiconductor industry.

We find that SiC color centers can mediate a high degree (>85%) of ESLAC-derived nuclear polarization
from at least 5298 K, a surprisingly broad temperature range for this mechanism. This robust DNP could
be applied to initialize quantum memories in quantum-communication technologies, especially since the
color centers are telecom-range emitters, with narrow optical linewidths at low temperatures [16, 21, 37].
Other applications of DNP, including solid-state nuclear gyroscopes [38, 39] and entanglement-enhanced
metrological devices [40], can employ SiC’s long nuclear spin-lattice relaxation times [27, 41] and its

amenability to sophisticated growth and device fabrication.

The divacancy defect in SiC is a silicon vacancy (Vs;) adjacent to a carbon vacancy (V¢) (Fig. 1a).
Among its several inequivalent forms, those aligned to the crystal’s ¢ axis have the same C;, symmetry as
the nitrogen-vacancy center in diamond. They are the 44 and kk divacancies in 4H-SiC [4, 5], and the Ah,
kik; and k>k, divacancies in 6H-SiC [14, 42, 43], where the /4 (hexagonal site) and & (quasicubic site)
labels represent the inequivalent lattice sites for vacancies in the SiC lattice. The physical structure of the
c-axis-oriented PL6 defect in 4H-SiC [10, 14, 16] is currently undetermined, but a close relationship to
the neutral divacancies is indicated by its similar optical and spin resonances [10], similar radiative
lifetimes [16], and similar hyperfine spectrum with identical degeneracies (measured here, see Table 1).

In the GS, these defects are spin triplets (S = 1) with the Hamiltonian:
HGS = ‘LlBB - 8Gs S+ DGSSZZ + 2 ]/]B . I]’ +S- Aj,GS : l]’
J

(1)

where S is the vector of spin-1 matrices, ggs is the electronic g-tensor,  the Bohr magneton, B is the
external magnetic field, Dgs is the electronic zero-field splitting parameter, and A, gs the hyperfine tensor
coupling the /™ nearby nucleus with spin I; and gyromagnetic ratio . The four terms in Eq. (1)

respectively represent the electronic Zeeman effect, the electronic crystal-field splitting, the nuclear



Zeeman effect, and the hyperfine interaction between electronic and nuclear spins. At elevated
temperatures, the form of the ES is similar Hamiltonian to that of the GS, with ggs substituting for ggs,

Dgs substituting for Dgs, and Aj gg substituting for A; gs.

Silicon’s dominant isotope is spin-0 **Si, but the spin-1/2 isotope *’Si also has a fairly high natural
abundance of 4.7%. We denote the state of a hyperfine-coupled spin pair as |mg,m;), where mg €
{—1,0,1} is the electronic spin state and m; € {T,1} is the *Si nuclear spin state. Before any optical

pumping, the spin pairs are in a statistical mixture of all six |mg,m;) states.

Optical illumination polarizes the color centers’ electronic spins into the mg = 0 sublevel [44], a
consequence of a spin-dependent intersystem crossing [8, 14, 18, 21]. The degree of optically pumped
electronic polarization for divacancies in SiC is at least 60% [14]. On its own, optical cycling does not
polarize nuclear spins and results in equal populations of |0, ) and |0, T) states. However, when the
defects’ spin sublevels are tuned to the level anticrossing of their ms = 0 and m = -1 states (either the
ESLAC or GSLAC, see Fig. 1b), the hyperfine interaction hybridizes the |0, !) and |—1, T) states. In each
optical cycle, a spin pair in the |0, ) state will then have a chance of evolving into |—1, T), i.e. having its
electron and nuclear polarizations be exchanged. Subsequent optical cycles then reorient the electronic
spins, polarizing |—1, T) states into |0, T). Meanwhile, conservation of angular momentum prevents |0, T)
from mixing with |—1, ). Together, these processes can efficiently polarize arbitrary |mg,m;) states into

|0, T) (Figs. 1c-d).

Our 4H-SiC wafer (purchased from Cree, Inc.) has vacancy complexes intentionally incorporated during
crystal growth [10]. In our 6H-SiC wafer (purchased from II-VI, Inc.), we implant the wafer with '*C
ions, creating vacancies. Annealing the wafer then causes the vacancies to migrate and to pair into
divacancies [14]. For continuous-wave ODMR measurements, we use a 975-nm laser to non-resonantly
excite the electronic transitions of ensembles of defects in either a 4H- or 6H-SiC sample and an InGaAs
photoreceiver to collect the entire spectrum of near-infrared photoluminescence (PL) emitted by the
defects. We then use a short-terminated antenna under the chip to apply a microwave field, whose
frequency (f) we sweep. When f'is resonant with an electronic spin transition, the electronic spin is rotated
from its optically initialized (ms= 0) state towards ms= = 1, causing changes to the PL intensity (APL).
Although the inequivalent defect forms in each of our two wafers are simultaneously optically excited,
their non-degenerate spin-transition frequencies allow each form to be independently addressed [10, 14,

44].

Using low microwave-power ODMR, we observe that each electronic spin transition has a hyperfine

structure (Figs. 2a-b) comprising symmetric side peaks around a central transition frequency (f;). In
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accordance with Eq. (1), these side peaks are at frequencies fy + 4,,/2, where A, is the c-axis projection of
the hyperfine interaction between the electron spin and a nearby nucleus. The two strongest hyperfine
interactions between *’Si nuclei and neutral divacancies in 4H-SiC are known to be at 12-13 MHz (the
Siy, lattice site, with 3-fold degeneracy) and 9-10 MHz (the Siyy, lattice site, with 6-fold degeneracy), with
A,, positive and both hyperfine tensors nearly isotropic [5]. These sites correspond to the Si atoms nearest

to the C atoms on which the neutral divacancy’s electronic spin density is localized [16] (Fig. 1a).

We find that the hyperfine spectra for neutral divacancies of 6H-SiC and the PL6 defects in 4H-SiC are
nearly identical to the previously known spectra for neutral divacancies in 4H-SiC [5]. The lattice-site
degeneracies for all these defects, which we infer from the relative amplitudes of the hyperfine-side
peaks, are identical. We use electron spin echo envelope modulation [45] to refine our measurement of
the hyperfine-interaction strengths [44]. Using ab initio density-functional theory (DFT), we then
calculate the hyperfine and Dgs constants for each form of c-axis-oriented neutral divacancy (Table 1).
These calculations implement the plane wave and projected augmented wave method [46-48], 576- and
432-atom supercells with I'-point sampling of the Brillouin zone, and HSE06 and PBE functionals [16,
49-52]. As has been previously done in 4H-SiC [5], we compare theory and experiment to associate each

divacancy form in 6H-SiC with an experimentally observed spin resonance (Table 1).

We define the degree of nuclear spin polarization (P)as P = (It —17)/(I* +17), where It and I~
respectively represent the populations of *’Si-nuclear spins pointing T and | [32]. P is defined separately
for each pairing of inequivalent defect form with inequivalent *Si site. We quantify P by performing a
global fit the ODMR lineshapes to the sum of seven Lorentzians, one centered at f; and one pair at each of
the Siy,, Siy, and Cy hyperfine resonances ([44]). For each resonance, we compute P by inferring the
relative amplitudes of each pair of Lorentzians (Fig. 2). Asymmetry in the intensities of the ODMR side
peaks is thus the signature of nuclear polarization. We concentrate on DNP at the Siy, site, whose 6-fold

degeneracy results in the strongest ODMR signal.

Boltzmann statistics would require a sub-mK sample temperature (7) for P to exceed even a few percent.
Indeed, at both low (B < 200 G) and high (B > 500 G) magnetic fields, we observe that P is nearly zero.
In the 200 G < B <500 G regime, however, we observe strong DNP. For PL6 defects at room temperature
and B =330 G, P reaches 99 + 1%, an effective temperature of 5 uK (Fig. 2d).

Two prominent peaks can be seen in P as a function B, one centered at 300-335 G and the other at 465-
490 G (Fig. 2¢-d). Anticipating that level anticrossings underlie the electron-to-nuclear polarization
transfer, we hypothesize that these two peaks receptively correspond to the ESLAC and GSLAC. As
expected, the higher B-value peaks in P correspond precisely to Dgs/(gastis) (Table 1) for each defect
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form, indicating that they are associated with the GSLAC. Due to the short (14-ns) optical lifetimes of the
metastable excited states [16], though, our low-microwave-power ODMR measurements rotate spins too

slowly to show ES-spin transitions.

High-microwave-power ODMR reveals the spin-triplet electronic excited states (Figs. 3a-c), with ggs =
2.0 and Dgs/(gesits) matching precisely with the lower-B peaks in P (Table 1). Unlike the GS-ODMR
transitions, which exhibit nonzero APL when microwaves and optical illumination are alternated (due to
Rabi driving), they are only visible when microwaves and optical illumination are coincident [44],
supporting their identification as ES resonances. Moreover, due to spin mixing in the GS, each
divacancy’s ES-ODMR signal has a minima at its corresponding GSLAC (Fig. 3d), confirming the
association between ES- and GS-spin transitions. Thus, peaks in P (Figs. 2c-d) correspond to GSLACs
and ESLACs (Figs. 3a-c).

To understand the DNP quantitatively, we simulate the optical polarization process using a recently
developed model [53] of color-center-mediated DNP. This model simulates the nuclear polarization while
taking into account the full hyperfine tensor and the simultaneous contributions from both ESLAC- and
GSLAC-derived DNP at intermediate B values. In applying it, we use as many experimental parameters
as possible, including electronic fine-structures parameters, hyperfine-interaction strengths, and optical
lifetimes (Table 1 and Ref. [16]). The orientation of the hyperfine tensors’ principal axes are taken from
our ab initio simulations [16], and fitting parameters represent thermally driven depolarization of the
nuclear spins and the effective electron-nuclear interaction times per optical cycle. The modelled

polarization and the experimental data show excellent agreement (Figs. 2¢c-d).

Our model finds that effective electron-nuclear interaction times are primarily responsible for the
differences in DNP efficiencies across the different defect types. Experimentally, we can use the ES spin-
dephasing time (75 gs*) as a proxy for the electron-nuclear interaction time and estimate the 75 gs* times
as 1/m times the inverse of the ES ODMR linewidths (Fig. 4a-b). As predicted, the 44 divacancy, whose
ESLAC-derived nuclear polarization is stronger than that of the k&, divacancy (Fig. 2c¢), also has a longer
T, gs* time. Moreover, comparing non-resonant ESLAC-derived DNP in SiC to that for nuclei coupled to
diamond nitrogen-vacancy centers [30-35], we find that while both systems exhibit nearly ideal ESLAC-

derived DNP at room temperature, the low-temperature DNP is significantly more robust in SiC.

In diamond, both the nitrogen-vacancy center’s ES-spin coherence and its off-resonantly pumped
ESLAC-derived DNP rapidly decline below T'= 50 K [34]. This diminishment is due to the deactivation
of the dynamic Jahn-Teller effect, in which phonons motionally narrow pairs of ES electronic orbitals into

a single coherent spin resonance [54-56]. In SiC, at 7= 5 K, the base temperature of our cryostat, we
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observe both a coherent ES spin resonance (Fig. 4a-b) and strong ESLAC-derived DNP (P = 85 + 5% for
the /A divacancy). As T is raised, however, strong DNP persists (Fig. 4c) while Dgs and 75 gs* oscillate as
a function of 7. These behaviors suggest that while SiC Jahn-Teller effects play a role in the strong DNP,
they are also complex and require further study through techniques like pulsed ODMR in the ES [55, 57].

Our results show that optical pumping can strongly polarize nuclear spins in SiC. The identification of the
ES-spin transitions provides insight into the DNP process and the electronic structure of SiC divacancies.
We expect optically pumped DNP to generalize to nuclear spins at other sites, such as the Si, and C, sites,
which lie on the divacancy’s symmetry axis (see Fig. 1a), and to other color centers. Moreover, spin
diffusion [35] may enhance the crystal’s total nuclear spin polarization well above the 10'® cm™ density
[44] of strongly coupled nuclei that we can polarize in our samples. SiC nanostructures could then be used
as hyperpolarized contrast agents in magnetic resonance imaging [58, 59]. SiC is proving to have not only
a key role in the power electronics and optoelectronics industries but also in the fields of spintronics,

sensing, and quantum information.
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Figure 1. (a) An illustration of the k4, divacancy (green circles) in 6H-SiC. The calculated spin density is
represented by orange-lobe isosurfaces and is primarily localized at the dangling bonds of the Si
vacancy's nearest C atoms. We measure the DNP of 2Si nuclei at the Siy, and Siy, sites. (b) Evolution of
the ES and GS spin-sublevel energies with B, showing hyperfine-mediated hybridization of the electronic
and nuclear spin sublevels at the ESLAC and GSLAC. The states drawn in gray do not hybridize. (¢) For
ESLAC-derived DNP, a hyperfine interaction in the ES causes |0, |) to partially evolve into |—1, T) every
optical cycle. Together with the electron-spin polarization provided by the intersystem crossing (green
arrows), this interaction causes optical cycling (black arrows) to polarize arbitrary |mg, m;) states into

|0, T) (highlighted). The m, = +1 electronic spin states do not participate in this process. (d) For GSLAC-
derived DNP, the mechanism is the same as in (¢), but the relevant hyperfine interaction is in the GS.
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Figure 2. (a) Upper: Low-microwave-power ODMR spectrum of the m, = 0 to ms =1 spin transition of
the ik divacancy in 6H-SiC at 7= 100 K. As B varies from 50 G to 650 G, f; varies from 1.5 GHz to 3.2
GHz. Lower: Line cuts at the dashed white lines (B = 50 G and B = 310 G). The *Si nuclei at the Siy, and
Siyy sites are unpolarized at B = 50 G and nearly completely polarized at the ESLAC (B =310 G). The
continuous lines are fits to sums of Lorentzians [44]. (b) Upper: Low-power ODMR spectrum of the m;=
0 to ms=1 spin transition of the PL6 defects in 4H-SiC at T=298 K. Lower: Line cuts at B =50 and at B
=330 G, which is the PL6 ESLAC. (c) The nuclear polarization (P) for *’Si nuclei at the Siy, sites of ik
and k;kidivacancies in 6H-SiC at 7= 100 K, exhibiting peaks in P at the ESLAC and GSLAC. hh
divacancies have stronger ESLAC-derived DNP than &k divacancies. The error bars are single-G
confidence intervals set by the fits. The continuous lines are P values simulated from our theoretical
model, plotted with a resolution of 3 G. (d) Siy, nuclear spin polarization for PL6-coupled nuclei in 4H-
SiC at T=298 K (experiment and theory). The origin of the small peak in P at 420 G is unknown.



PL6 GS v
= ~PL6 GSLAC 0
Q 400 PL6 ESLAC <
@ =
o
4H-SIC, 298 K _,
B=500

=205
T
. |
5
[ f 4H-SIC,20K 5
© —
div GSs "'f ..--".L';:*"'f
%00 ———GSLACs
o a % diV ESs 02
@ 300 ESLACs £
%‘.: 2,
'.". J g ! E
100 h_ S BH-SIC, 20 K o2
0.5 1 1.5 2 2.5 3
f(GHz)
(ﬁ) 480l Kk, GSLAC— h_pr GSLiC ﬁ, ES|

Q
84] —
460 tk,k, ES hh kK, GS!_AC .

025 03 035 04 045 05 0.55
f(GHZ)

Figure 3. (a) Upper: Experimental high-power ODMR spectrum of PL6 at 7= 298 K. Lower: Line-cut of
the ODMR spectrum at B = 50 G (the dashed line). The curved lines correspond to basal-plane oriented
defects. The different divacancy forms have non-degenerate microwave transition frequencies and are
therefore individually addressable. (b) High-power ODMR spectrum of the neutral divacancies in 4H-SiC
and (c) of the neutral divacancies in 6H-SiC, all at 7= 20 K. (d) Zoom-in of the red dashed rectangle

drawn in (c). Due to spin mixing in the GS, each divacancy’s ES ODMR signal has a minima at its
corresponding GSLAC.
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Figure 4. (a) Temperature dependence of the high-power ES ODMR for the three c-axis-oriented neutral
divacancies in 6H-SiC at B = 650 G. The ES ODMR curves are sequentially offset from APL = 0, for
clarity, and the dashed lines are guides to the eye that follow the ES-spin resonances. (b) 72 gs* for
divacancies in 6H-SiC, calculated by fitting the curves in (a) to a sum of three Lorentzians and taking

T, gs* to be 1/m times the inverse of the full-width at half-maximum linewidths. The single-G error bars
derive from the fits. (¢) Temperature dependence of P at the Siyy, site of divacancies in 6H-SiC, and for
PL6 in 4H-SiC, when B is tuned to the ESLAC (270-330 G). [44].
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Defect ZrL Sign of Dgs Dgs Ay, Sina | Ay Simp Dgs Az Sina | Az Simy
(eV) APL (GHz) (GHz) (MHz) (MHz) (GHZ) (MHz) (MHz)
4H-SiC experiment 4H-SiC calculation
hh diV 1.095 + 0.84 1.336 12.3 9.2 1.358 11.6 9.3
kk diV 1.096 - 0.78 1.305 13.2 10.0 1.320 12.4 10.2
PL6 1.194 - 0.94 1.365 12.5 9.6 -- - --
6H-SiC experiment 6H-SiC calculation
hh diV 1.092 + 0.85 1.334 12.5 9.2 1.350 11.8 9.6
kik; diV 1.088 - 0.75 1.300 12.7 10.0 1.300 12.7 10.5
kk, diV 1.134 - 0.95 1.347 13.3 9.2 1.380 11.8 9.7

Table 1. Parameters for the c-axis-oriented neutral divacancies, PL6 defects, and coupled »Si nuclei. ZPL

stands for zero-phonon line. Both Dgg and Dgg are positive [44]. All experimental parameters are
measured at 7= 20 K, except for Dgg of PL6, where the room-temperature value is provided. The

calculations of Dgs and A4,, are at 7= 0 K, using the method in Ref. [16]. We match the divacancy forms

in 6H-SiC with their corresponding spin transitions by comparing the experimentally determined and

calculated Dgs parameters. The Siy, sites all have 3-fold degeneracy per defect, and the Siyy, sites all have

6-fold degeneracy per defect.
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